We have recently shown a close correlation between expression of the Multidrug Resistance-associated Protein (MRP) gene and the MYCN oncogene and provided evidence that high MRP expression is a powerful independent predictor of poor outcome in neuroblastoma (Norris et al., New Engl. J. Med., 334, 231 ± 238, 1996). The eect of MYCN down-regulation on MRP expression and response to cytotoxic drugs was investigated in NBL-S neuroblastoma cells transfected wtih MYCN antisense RNA constructs. Concomitant with MYCN down-regulation, the level of MRP expression was decreased in the NBAS-4 and NBAS-5 antisense transfectants. These cells demonstrated signi®cantly increased sensitivity to the high anity MRP substrates vincristine, doxorubicin, sodium arsenate and potassium antimony tartrate, but not to the poor MRP substrates, taxol or cisplatin. Similarly, transfection of full-length MYCN cDNA into SH-EP neuroblastoma cells resulted in increased MRP expression and signi®cantly increased resistance speci®cally to MRP substrates. The results provide evidence for the MYCN oncogene in¯uencing cytotoxic drug response via regulation of MRP gene expression. Our data also provide a link between the malignant and chemoresistant phenotypes of this childhood malignancy.
Introduction
Neuroblastoma, a disease which arises from embryonal neural crest cells, is the most common solid tumour of infancy (Brodeur et al., 1992) . The majority of patients present with widely disseminated disease at diagnosis and despite intensive regimens, the prognosis for such patients is poor, with 5 year survival rates of less than 40% (Stram et al., 1996) . A number of prognostic factors have been identi®ed for this disease, with one of the most powerful being ampli®cation of the MYCN oncogene (Brodeur et al., 1992) . Thus patients whose tumours display MYCN gene ampli®cation are at increased risk of early treatment failure, suggesting that the MYCN oncoprotein is closely linked to the drug resistant phenotype and disease progression of these tumours.
A candidate target gene for regulation by MYCN is the MRP gene (Cole et al., 1992) which encodes a transmembrane glycoprotein that is capable of conferring resistance to a wide range of structurally unrelated hydrophobic drugs by acting as a drug eux pump . We previously observed a close association between MYCN and MRP over-expression and hypothesized that MYCN regulates expression of this drug resistance gene (Bordow et al., 1994; Norris et al., 1996) . The present study has investigated this hypothesis in neuroblastoma cells transfected with expression vectors containing either antisense or sense MYCN cDNA.
Results and discussion
Two independent patient-derived neuroblastoma clones, NBAS-4 and NBAS-5, were previously selected following transfection into the human neuroblastoma cell line NBL-S (Schmidt et al., 1994) , to constitutively express high levels of a 1.2 kb antisense MYCN cDNA. Although parental NBL-S cells lack MYCN gene ampli®cation, they nevertheless display high levels of MYCN gene expression, making them an ideal target cell line for studying the eects of inhibition of MYCN gene expression by antisense to MYCN. The eect of MYCN down-regulation on MRP gene expression was examined after stable antisense expression in these two clones. Following RT ± PCR analysis, NBAS-4 and NBAS-5 demonstrated an approximately threefold decrease in MRP gene expression compared to both the parental NBL-S cells and NBV-1 vector-only control ( Figure 1a) . A similar result was obtained by Northern analysis, which showed clearly detectable MRP RNA in the control cell lines, but no detectable MRP bands in the two antisense clones (Figure 1b) .
In order to assess whether introduction of MYCN antisense RNA into the NBL-S cell line had led to down-regulation of MRP protein expression in the NBAS-4 and NBAS-5 cell lines,¯ow cytometry was performed on the antisense transfectants. NBAS-4, NBAS-5 and NBV-1 cells were labelled by indirect immuno¯uorescence with mAb MRPr-1, which recognizes an internal epitope of human MRP . Consistent with the results of both RT ± PCR and Northern analyses, MRP expression was detectable in the NBV-1 cells, while there was no reactivity of MRPr-1 over that seen with the isotype control antibody in either of the antisense clones (Figure 2a) . Similarly, immunocytochemistry with mAb MRPr-1 demonstrated membrane staining in the parental NBL-S cells, while no staining was apparent in NBAS-5 cells (Figure 2b ). Immunocytochemical analysis with the anti-MYCN mAb, NCM II 100, con®rmed our earlier results (Schmidt et al., 1994) showing strong nuclear staining in the NBL-S parent cell line, but undetectable MYCN protein in NBAS-5 cells (Figure 2b) . In contrast to the results demonstrating down-regulation of both MRP gene expression and MRP protein in the NBAS-4 and NBAS-5 clones, there was no apparent change in the levels of MDR1-P-glycoprotein in the antisense cells by comparison with vector-only controls (Figure 2c ). To determine whether the decreased level of MRP in the antisense transfectants was accompanied by a decrease in resistance to cytotoxic drugs, the cells were tested for their response to a range of compounds (Table 1) . In comparison to NBV-1 control cells, NBAS-4 and NBAS-5 demonstrated a twofold increase in sensitivity to the anthracycline doxorubicin, and a 30-fold increase in sensitivity to the vinca alkaloid vincristine. NBAS-4 and NBAS-5 cells similarly demonstrated signi®cantly increased sensitivity to the heavy metal anion compounds potassium antimony tartrate and sodium arsenate, which have been shown to be eective substrates for MRP . P-glycoprotein overexpressing cells, by contrast, display no crossresistance to such heavy metal anions . No signi®cant alteration in the response of the antisense transfectants to either taxol or cisplatin was observed by comparison with the vector-only control cells. While taxol is a highly eective substrate for Pglycoprotein, neither it nor cisplatin appears to be a good substrate for MRP based on the results of Grant et al., 1994) . The pattern of results is thus consistent with the change in cytotoxic drug-response being mediated speci®cally by MRP. We have previously reported a close correlation between the levels of MYCN and MRP gene expression in both primary neuroblastoma samples and in cultured neuroblastoma cell lines following retinoicacid induced dierentiation (Bordow et al., 1994; Norris et al., 1997) . Moreover, we have recently reported that the levels of MRP gene expression closely re¯ect the levels of MYCN gene expression in human neuroblastoma cell lines that have negligible-(SH-EP), intermediate-(NBL-S) and high-(BE(2)-C) level expression of the oncogene, respectively (Norris et al., 1998) . The response of such cell lines to cytotoxic drugs which are MRP substrates correlates with their levels of MYCN and MRP expression (M Haber and M Norris, unpublished data). Similarly, the SK-N-SH cell line, with intermediate-level MRP gene expression (Norris et al., 1996) , is signi®cantly more resistant to cytotoxic drugs than its¯at cell subclone, SH-EP (Spengler et al., 1986) . While these data are consistent with the hypothesis that the oncogene in¯uences the response of neuroblastoma cells to cytotoxic drugs by modulating MRP gene expression, the interpretation of such data is potentially confounded by alternate mechanisms of drug resistance, such as P-glycoprotein over-expression, operating in the various cell lines. In contrast, the present ®ndings, in which speci®c up-or down-regulation of the MYCN oncogene in de®ned cell populations, results in concomitant modulation of both MRP gene expression and cytotoxic drug response, provides strong evidence in support of this hypothesis.
MYCN belongs to the class of basic helix ± loop ± helix leucine-zipper transcription factors which includes all the MYC family members and there is strong evidence that these oncoproteins are involved in regulating a range of cell cycle-related functions (Grandori and Eisenman, 1997). There is also a large body of evidence indicating that MYCN plays an important role in the neoplastic development and growth of neuroblastoma (Schwab et al., 1985; Weiss et al., 1997) . Most recently, direct evidence of MYCN contributing to neuroblastoma tumorigenesis has been provided by the development of neuroblastoma in transgenic mice over-expressing human MYCN targeted to neural crest cells (Weiss et al., 1997) . Although MYCN heterodimerizes with another protein, termed MAX, to form a complex with speci®c DNA-binding activity (Grandori and Eisenman, 1997), it is only MYCN which possesses a transcriptional activation domain in the N-terminal region of the protein (Wenzel and Schwab, 1995) . The level of MAX in neuroblastoma, unlike MYCN, seems to be relatively constant and independent of tumour stage (Raschella et al., 1994) . Despite the role that MYCN is believed to have as a transcriptional activator, and the abundant evidence for its central contribution to the malignant phenotype of neuroblastoma, the number of genes that have been identi®ed as targets for this oncoprotein has to date been disappointingly small (Grandori and Eisenman, 1997) . The present study suggests that this oncogene may regulate a gene involved in mediating drug resistance, thereby providing a link between the malignant and chemoresistant phenotypes of childhood For a given drug, P values were determined by comparing the ID 50 value for the MYCN-transfected cells with the ID 50 value of the control SH-EP/CMV cells assayed in the same series of experiments neuroblastoma. Studies of the MRP gene promoter, involving deletion analysis of MRP promoter-luciferase vector constructs, are currently in progress to determine whether MYCN directly regulates transcription of MRP via one or more of the three E-box motifs which are present in the promoter sequence. Irrespective, since drugs such as doxorubicin, vincristine and etoposide are used in the treatment of children with this disease, the present ®ndings, showing that the response to these drugs can be in¯uenced by the MYCN oncogene, have direct clinical relevance.
In summary, the introduction of an MYCN antisense vector into neuroblastoma cells resulted in the down-regulation of MRP expression and increased drug sensitivity. This increased sensitivity cannot be attributed to reduced growth rate of the transfected cells associated with down-regulation of MYCN, since cells which cycle more slowly have been shown to be more, not less, resistant to drugs such as doxorubicin (Lee et al., 1997) . The antisense transfectants demonstrated an MRP-speci®c response pattern to the cytotoxic drugs tested and moreover, no detectable change in the level of P-glycoprotein expression could be discerned in these cells. Conversely, the introduction of full-length MYCN cDNA into neuroblastoma cells otherwise expressing very low levels of MYCN, resulted in up-regulation of MRP expression and increased drug resistance. Given the close association between MYCN and MRP gene expression which has been demonstrated both in vitro and in vivo (Bordow et al., 1994; Norris et al., 1996) , this study suggests a direct association between MYCN and the chemoresistant phenotype of neuroblastoma, and provides an explanation for the established association between MYCN gene ampli®cation and poor outcome in this disease.
Materials and methods

Cell lines
NBL-S, a MYCN unampli®ed human neuroblastoma cell line and NBL-S-derived MYCN antisense transfectant cell lines NBAS-4 and NBAS-5, and their vector-only transfectant control, NBV-1, have been described previously (Schmidt et al., 1994) . The antisense cell lines were derived by cotransfection of NBL-S cells with a 1.2 kb MYCN antisense cDNA inserted into a pCMV 2 vector together with the pSV2neo plasmid, followed by isolation of neomycin-resistant clones. The SH-EP/MYCN cell line was derived by cotransfection (Lipofectamine, Life Technologies, Gaithersberg, MD, USA) of SH-EP cells (Ross et al., 1983) with a 1.6 kb cDNA containing the complete coding sequence of MYCN inserted into the pCMV 2 vector, (a kind gift from Dr Georey Krystal, Medical College of Virginia, Richmond, VA, USA), together with pSV2neo, followed by isolation of neomycin-resistant clones. The vector-only transfectant control, SH-EP/CMV, was similarly derived using pCMV 2 lacking MYCN sequences. Increased MYCN expression, by comparison with SH-EP/CMV, was con®rmed by Northern and Western analyses. The MRP over-expressing human breast cancer cell line, MCF7/VP (Schneider et al., 1994) , was generously supplied by Dr E Schneider (Wadsworth Center for Laboratories and Research, Albany, NY, USA). All lines were maintained in DMEM supplemented with 10% foetal calf serum and were free of mycoplasma. Transfectant cell lines were intermittently passaged in neomycin to ensure maintenance of constructs.
RT ± PCR and Northern analysis
The synthesis of cDNA using Moloney murine leukemia virus reverse transcriptase and random hexanucleotide primers, and the RT ± PCR assay have been described previously (Bordow et al., 1994; Norris et al., 1996) . A cDNA equivalent of approximately 50 ng was ampli®ed for 30 cycles using primers to the MRP target sequence and a control gene sequence (b 2 -microglobulin) together in the same tube. Primer pairs, described elsewhere (Bordow et al., 1994; Norris et al., 1996) , were selected on the basis that they spanned an intron ± exon boundary, and were tested to ensure that they did not amplify genomic DNA. Following polyacrylamide gel electrophoresis, the level of expression of MRP was densitometrically determined using the Gel Doc 1000 Gel Documentation System (Bio Rad Laboratories, Sydney, Australia) and expressed relative to the level of the control b 2 -microglobulin gene expression. Experiments were performed in triplicate. For Northern analysis, total RNA (10 mg) was subjected to electrophoresis on 1% agarose gels containing 16MOPS buer (20 mM morpholino-propanesulphonic acid, 5 mM sodium acetate, 1 mM EDTA (pH 7.0)) and 6% formaldehyde. Following capillary transfer onto Gene Screen Plus membrane, hybridization with a 32 P-labelled MRP probe generated by PCR ampli®cation with the MRPspeci®c primers described above, and autoradiography were performed as described previously (Haber et al., 1989) . To control for loading and transfer of RNA, the membrane was reprobed with the constitutively expressed gene, glyceraldehyde-3'-phosphate dehydrogenase.
Flow cytometry and immunocytochemistry assays
Flow cytometric analysis by indirect immuno¯uorescence labelling was carried out with monoclonal antibody (mAb) MRPr-1 (Kamiya Biomedical Co., Tukwila, WA, USA) and mAb 4E3 (Signet Lab., Inc, Dedham, MA, USA), their respective unrelated isotope controls mAb rat IgG2a (Accurate Chemical and Scienti®c Corp., Westbury, NY, USA) and mAb mouse IgG2a (Becton Dickinson, San Jose, CA, USA), and their respective secondary antibodies, goat anti-rat IgG-phycoerythrin and goat anti-mouse IgGphycoerythrin. Samples were washed and concentrated to 5610 5 cells/ml, prior to ®xing and permeabilization (Caltag Lab, San Francisco, CA, USA). Cells were stained with mAb MRPr-1 or 4E3 and indirectly labelled with the appropriate secondary antibody. For immunocytochemistry analysis, cells were cytocentrifuged and ®xed in acetone. Cells were stained with NCM II 100 (Oncogene Research Products, Cambridge, MA, USA) or MRPr-1, as indicated, using the Biotinstreptavidin Ampli®ed Detection System (Biogenex, San Ramon, CA, USA).
Cytotoxicity assays
Cytotoxic drugs were purchased from manufacturers as follows: vincristine and etoposide from Sigma (St. Louis, MO, USA); doxorubicin from Farmitalia (Sydney, Australia); potassium antimony tartrate and sodium arsenate from Baker (Biolab Scienti®c, Sydney, Australia); taxol from Calbiochem (Sydney, Australia); cisplatin from Sigma (St. Louis, MO, USA). Cells were seeded in 96-well plates and cell growth inhibition was determined after 72 h continuous exposure in vitro to various concentrations of cytotoxic drugs, using a microtitre-based assay with the Alamar Blue TM reagent (Astral Scienti®c, Sydney, Australia). Determination of ID 50 values and statistical analysis was performed as described previously (Haber et al., 1989) . The statistical signi®cance between ID 50 values from dierent cell lines was assessed by t-tests, using 2-sided P values. In addition, all signi®cant ®ndings were con®rmed using the non-parametric Wilcoxon two-sample rank-sum test.
